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INVESTIGATION  OF  DIAMOND  HOMOEPITAXV  BY 
IN  SITU  FIZEAU  INTERFEROMETRY: 

THE  ROLE  OF  OXYGEN 

Robin  E.  Rawles,  Caner  Kittrell,  and  Mark  P.  D ’Evelyn 
Department  of  Chemistry  and  Rice  Quantum  Institute 
Rice  University,  Houston,  TX  77251-1892 

ABSTRACT 

Optical  Fizeau  interferometry  has  been  employed  as  an  in  situ  probe  of 
growth  rate  and  surface  morphology  in  diamond  horaoepitaxy.  The  spatial 
fringe  pattern  produced  by  interference  between  HeNe  laser  light  reflected 
from  the  front  and  back  faces  of  a  diamond  single  crystal  is  imaged, 
providing  a  map  of  the  local  substrate  thickness.  Growth  causes  the  fringe 
pattern  to  propagate  laterally,  enabling  in  situ  monitoring  of  thickness 
changes  as  small  as  10  nm.  We  have  investigated  the  substrate  temperature 
dependence  of  [100]  diamond  growth  in  a  hot-filament  icactor  from  0.5% 
CH4  in  hydrogen  with  and  without  oxygen.  We  obtained  an  apparent 
activation  energy  of  14  kcal/mol  over  the  range  700-1000  *C  for  a  sample 
grown  from  pure  methane  in  hydrogen.  The  addition  of  O2  to  the  reactant 
feedstock  had  pronounced  effects  on  the  growth  kinetics:  below  850  *C  the 
growth  rate  was  enhanced  whereas  etching  was  observed  above  970  *C. 
Treatment  of  a  polycrystalline  diamond  film  under  a  hot  filament  with 
0.25%  O2  in  H2  produced  etching  of  both  sp3  and  sp2  carbon.  These 
results  suggest  that  etching  of  sp^  as  well  as  sp^  carbon  occurs  in  compe¬ 
tition  with  growth  in  oxygen-containing  diamond  CVD  environments. 

INTRODUCTION 


An  improved  understanding  of  the  growth  mechanism  and  the  factors  that  determine 
surface  morphology  in  diamond  films  grown  by  chemical  vapor  deposition  is  essential  fw 
optimization  of  the  technology  for  specific  applications.  It  is  important  to  perform  such 
studies  on  individual  crystal  faces  of  diamond,  as  the  growth  rates  and  detailed  mechanisms 
will  differ.  While  ex  situ  measurements  of  nanometer-scale  nwrphology  (1-3)  and  growth 
kinetics  (4)  of  diamond  films  grown  on  (100),  (110),  and  (111)  natural  diamond  substrates 
have  been  reported  recently,  the  tedious  nature  of  such  measurements  makes  systematic 
studies  difficult.  The  application  of  optical  Fizeau  interferometry  (5,6)  provides  an  in  situ 
growth  rate  monitor  which  greatly  facilitates  such  investigations.  The  time  dependence  of 
an  optical  interferometric  signal  has  been  used  by  several  authors  for  in  situ  measurements 
of  growth  rates  (7,8),  but  the  spatial  fringe  pattern  provides  a  local  and  more  sensitive 
monitor  of  growth  rate  and  also  yields  direct  information  on  morphology. 

EXPERIMENTAL 

We  have  applied  optical  Fizeau  interferometry  to  the  in  situ  characterization  of  diamond 
homoepitaxy  in  a  hot-fUament  reactor.  (lOO)-oriented,  type  Ila  namral  diamond  substrates 
were  held  between  two  mulltte  tubes  and  heated  by  W  wires  embedded  in  the  mullite.  The 
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sample  temperature  was  monitored  by  a  chromel-alumel  thermocouple  embedded  in  or 
cemented  to  the  muUite  suppon.  Diamond  films  were  grown  using  flow  rates  of  0.37  -2. 25 
seem  CH4  and  0-0.75  seem  O2  in  150  seem  of  hydrogen  at  25  Torr.  'Die  filament 
comprised  2-3  0.13*mm-diameter  straight  W  wires,  positioned  5-7  mm  from  the  subsu-ate. 
The  filament  was  held  at  2300  *C,  as  measured  using  a  calibrated  one-color  pyrometer  with 
no  emissivity  correction. 

Collimated,  633  nm  light  from  a  HeNe  laser  was  reflected  at  near-normal  incidence 
from  the  back  side  of  the  natural  diamond  substrate,  passed  through  a  positive  lens,  and 
impinged  on  a  video  camera  CCD  array  detector,  as  shown  in  Fig.  1.  The  existence  of  a 
slight  wedge  angle  between  the  back  and  front  faces  of  the  substrate  causes  interference  in 
the  light  reflected  from  the  two  faces,  producing  a  spatial  Fizeau  fringe  pattern.  Because 
the  wedge  angle  causes  the  two  reflected  beams  to  separate  from  one  another,  a  positive 
(plano-convex)  lens  was  used  to  bring  both  beams  to  a  focus  and  then  diverge  in  order  to 
maintain  overlap  between  the  beams  and  produce  a  magnified  fringe  pattern.  Bright  and 
dark  fringes  correspond  to  constructive  and  destructive  interference,  respectively,  between 
the  two  reflected  beams.  At  adjacent  fringe  positions  the  optical  path  length  differs  by  one 
wavelength  in  the  substrate,  corresponding  to  a  thickness  ^ffercnee  of  Xli2n  cosB), 
where  A  is  the  laser  wavelength,  n  the  index  of  refraction  (2.4  for  diamond),  and  6  is  the 
angle  of  incidence.  For  633  nm  light  at  normal  incidence  this  path  difference  is  1 31  nm. 
Examples  of  Fizeau  fringe  patterns  obtained  from  a  1.5  x  1.5  x  0.25  mm^  diamond  (1(X)) 
sample  (9)  under  growth  conditions  are  shown  in  Fig.  2.  Uniform  deposition  of  new 
diamond  causes  the  fringe  pattern  to  propagate  laterally,  shifting  by  one  fringe  for  a  thick¬ 
ness  increase  of  131  nm.  Temperature  fluctuations  also  cause  shifts  in  the  fringe  pattern; 
thus,  it  was  necessary  to  maintain  the  substrate  temperature  constant  to  within  1-2  °C.  In 
addition  to  providing  in  situ  growth  rate  information,  changes  in  the  fringe  spacing  or 
contour  shape  indicate  changes  in  the  surface  orientation  or  smoothness,  respectively,  and 
therefore  the  method  also  provides  a  sensitive  measure  of  the  uniformity  of  growth. 

The  fringe  pattern  image  was  projected  onto  a  CCD  video  array  detector  and  recorded 
on  a  standard  videocassette  lecoider  during  growth.  The  analysis  was  performed  by 
measuring  the  fringe  positions  as  displayed  on  a  video  monitor  as  a  function  of  time. 
Thickness  changes  as  small  as  10  nm  could  be  resolved. 

RESULTS 

The  dependence  of  the  growth  rate  on  substrate  temperature,  Ts,  at  a  CH4 
concentration  of  0.5%  is  shown  in  Fig.  3.  A  linear  least-squares  fit  of  ln(growth  rate) 
versus  1/7 s  over  the  range  700-1 (X)0  "’C  for  the  sample  grown  without  oxygen  yields  an 
apparent  activation  energy  of  14  kcal/mol.  Addition  of  0.09%  O2  enhanc^  the  growth  rate 
for  substrate  temperatures  below  850  °C  as  compared  to  the  sample  grown  with  methane  in 
hydrogen  only.  With  oxygen  present  the  growth  rate  reached  a  maximum  near  8(X)  “C,  and 
etching  was  observed  at  substrate  temperatures  above  970  *C.  Fizeau  interferometry 
provides  a  direct  indication  of  etching,  as  the  fringes  propagate  in  the  opposite  direction 
from  growth. 

During  growth  from  1.0%  and  1.5%  CH4  in  hydrogen  the  fringe  pattern  degraded 
markedly,  indicating  a  significant  change  in  morphology.  Subsequent  characterization  by 


scanning  electron  microscopy  contirmed  that  the  deposited  film  was  poiycrystalline. 

Raman  spectroscopy  showed  the  presence  of  non-diamond  carbon,  as  shown  in  Fig.  4(a). 

Several  experin^nts  were  performed  to  explore  the  efficacy  of  atomic  hydrogen  versus 
H+O  environments  for  etching  of  sp^  and  sp3  carbon.  A  poiycrystalline  diamond  film  held 
at  600  ‘C  under  a  filament  at  2300  *C  was  treated  for  72  hours  in  hydrogen  at  pressures 
ranging  from  25  to  100  Torr.  We  estimate  from  scanning  electron  micrographs  that  on  the 
order  of  a  micron  of  the  substrate  was  etched.  Raman  spectroscopy  showed  that  the  sp^ 
carbon  peak  near  1580  cm"^  (Fig.  4(a))  was  reduced  but  not  eliminated.  An  identically- 
prepared  diamond  sample  was  treated  for  20  hours  using  0.25%  O2  in  H2  at  25  Torr  with 
the  filament  at  2300  *C  SEM  micrographs  before  and  after  this  treatment,  shown  in  Fig. 

5,  indicated  a  greater  degree  of  etching  than  the  treatment  from  hydrogen  alone.  The 
H2+O2  treatment  eliminated  the  sp2  carbon  from  the  film,  as  shown  by  the  Raman 
spectrum  in  Fig.  4(b),  indicating  more  efficient  etching  of  sp2  carbon  than  hydrogen  alone. 

DISCUSSION 

Fizeau  interferometry  provides  a  sensitive,  in  situ  probe  of  growth  rate  and 
morphology  in  diamond  homoepitaxy.  Conventional  growth  rate  studies  employing  ex  situ 
techniques  to  examine  thickness  changes  can  take  many  months  to  complete  (4)  and  are  not 
nearly  as  sensitive.  By  contrast,  the  results  presented  here  were  obtain^  and  analyzed 
within  a  matter  of  days.  The  sensitivity, «  10  nm  at  present,  is  limited  by  fluctuations  in 
the  sample  temperature  which  modulate  both  the  sample  thickness  and  the  index  of 
refraction  slightly,  causing  a  slight  jitter  in  the  fringe  pattern.  By  improving  the  stability  of 
Ts  to  better  than  1  ‘C,  capturing  fiinge  images  on  a  computer,  and  performing  numeric^ 
analysis  of  the  fringe  intensity  data,  we  expect  to  be  able  to  measure  thickness  dififercnces 
of  ca.  1  nm.  Changes  in  surface  morphology,  e.g.,  renucleation  to  form  a  poiycrystalline 
film,  give  rise  to  observable  changes  in  the  Fizeau  fringe  image  in  real  time.  (Changes  in 
the  macroscopic  orientation  of  the  substrate  surface  would  be  manifested  by  changes  in  the 
fiinge  spacing  and  the  rate  of  divergence  of  the  two  reflected  beams. 

The  growth  kinetics  data  shown  in  Fig.  3  for  the  sample  grown  using  0.5%  CH4  in 
H2  without  oxygen  arc  qualitatively  consistent  with  the  results  reponed  previously  (4)  but 
exhibit  some  quantitative  differences.  The  observed  activation  energy  (14  kcal/mol)  is 
larger  than  that  determined  by  Chu  et  al.  (8  kcal/mol)  using  0.4  %CH4  in  hydrogen  (4). 
Furthermore,  we  found  no  evidence  for  a  change  in  activation  energy  at  lower  temperatures 
as  was  previously  reported  (4).  The  discrepancies  arc  presumably  attributable  to 
differences  in  reactor  conditions.  Nevertheless,  further  experiments  are  needed  in  order  to 
understand  the  factors  controlling  the  effective  activation  energy  for  growth. 

The  growth  rate  measurements  with  0.09%  O2  shown  in  Fig.  3  constitute  the  first 
kinetic  data  for  the  temperature  dependence  of  diamond  growth  by  hot-filament  CVD  with 
oxygen  present,  to  the  best  of  our  knowledge.  Oxygen  clearly  produces  striking  effects. 
The  enhanced  growth  rate  at  lower  substrate  temperatures  is  consistent  with  the  qualitative 
observations  reported  previously  by  many  groups  (10). 

Under  hot-filament  conditions  the  oxygen  in  dilute  mixtures  with  hydrogen  should  be 
converted  alnMst  completely  to  water  (11),  together  with  much  smaller  concentrations  of 
OH  radicals.  Struck  and  D’Evelyn  recently  observed  the  relatively  facile  dissociative 
adsorption  of  water  on  diamond  (100)  (12),  indicating  that  modification  of  CVD  surface 
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chemistry  could  occur  by  adsorption  of  H2O  or,  presumably,  of  OH  radicals.  CO  desorbs 
from  diamond  at  mild  temperatures  ( 1 3,14),  providing  a  facile  etching  channel.  Etching  of 
CVD  diamond  films  at  800  'C  in  360  Torr  of  water  vapor  (15)  reduced  the  amount  of  sp2 
carbon  in  the  film  and  produced  a  morphology  very  similar  to  that  shown  in  Fig.  5(b), 
which  suggests  thatdi^ond  is  etched  concurrently  with  sp2  carbon  by  either  treatment. 

We  believe  this  to  be  the  first  report  of  a  transition  from  growth  to  etching  of  diamond 
with  substrate  temperature.  This  result  demonstrates  unequivocally  that  etching  of  diamond 
can  take  place  under  conditions  similar  to  that  which  produce  growth.  In  addition,  it 
suggests  that  competing  growth  and  etching  processes  take  place  in  parallel  over  the  entire 
temperatuie  range  but  have  different  effective  activation  energies  so  that  growth  prevails  at 
low  temperatures  but  etching  dominates  at  high  temperatures.  Our  results  are  also 
consistent  with  the  proposition  that  high  quality  diamond  homoepitaxy  requires 
simultaneous  growth  and  etching  (16)  and  suggest  that  the  beneficial  effects  of  oxygen  in 
diamond  CVD  at  low  temperatures  are  due  in  part  to  enhanced  etching,  relative  to  atomic 
hydrogen,  of  both  sp^  and  sp3  carbon. 

Further  experiments  are  underway  in  our  laboratory  to  understand  the  factors 
controlling  the  homoepitaxial  growth  kinetics  of  diamond  in  more  detail,  particularly  the 
effects  of  oxygen. 
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Fig,  1.  Schematic  of  experimental  setup  for  m  siW  Fizeau  interferometry:  (a)  basis  for 
interferometric  ttnges;  (b)  optical  layout 


Fig.  2.  Images  of  Fizeau  fringe  patterns  propagating  laterally  during  growth  of 
diamond(100)  at  850°C 


Raman  Shift  (Acnr^) 


Fig.  4.  Raman  spectra  of  polycrystalline  diamond  film  (a)  before;  and  (b)  after  treatment 
at  600  'C  with  0.25%  O2  in  H2  at  25  Tore  under  a  hot  filament. 


Fig.  5.  Scanning  electron  micrographs  of  polycrystalline  diamond  film  (a)  before;  and 

(b)  after  treatment  at  600  *C  with  0.25%  O2  in  H2  at  25  Torr  under  a  hot  filament. 


